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Abstract. Commonly it is assumed that the intensity 
of mid-ocean ridge hydrothermal activity should correlate 
with spreading rate, since high spreading rates are an 
indication of large subcrustal heat sources needed for intense 
hydrothermal ctivity. We have tested this hypothesis by 
modeling the deposition of hydrothermal precipitates from 
cores from Deep Sea Drilling Project Leg 92, taken on the 
west flank of the East Pacific Rise at 19øS. Although 
spreading rates at the East Pacific Rise and its predecessor, 
the Mendoza Rise, have varied by only 50% in the last 30 
millJori years, we found certain episodes, at about 25, 18, 
14, and 9 million years ago, of hydrothermal manganese 
deposition as much as a factor of 20 higher than equivalent 
Holocene accumulation. These eposides do not correlate 
with spreading rate changes and instead seem to occur at 
times of major tectonic reorganizations. We propose that 
ridge jumps and changes of ridge orientation may 
substantially increase hydrothermal ctivity by fracturing the 
ocean crust and providing seawater access to deep-seated 
heat sources. 
Introduction 
Hydrothermal cooling of basaltic crust is ubiquitous at 
mid-ocean ridges and may account for 20% of the total 
geothermal heat lost by the earth [Williams and yon Herzen, 
1974]. Elemental exchange between seawater and basalt 
during this process is instrumental in controlling the 
composition of seawater and how it has varied through 
geologic time [Berner et al, 1983; Owen and Rea, 1985]. 
Several attempts to model this process have made the 
first-order assumption that hydrothermal exchange is 
proportional to spreading rate [Lyle, 1976; Graham et al., 
1982; Berner et al., 1983; Sleep et al., 1983]. In this paper 
we report the first time-series measurements of the 
accumulation of hydrothermal precipitates and show that the 
late Tertiary geologic history of hydrothermal activity is, in 
fact, unrelated to changes in spreading rate. Instead we 
observe large changes of hydrothermal activity which are 
more closely associated with tectonic reorganizations of the 
mid-ocean ridges. Presumably tectonic reorganizations 
profoundly affect fracture depth and spacing, resulting in 
increased access of seawater to hot rock, and a marked 
increase in the chemical exchange between basalt and 
seawater. 
Deep Sea Drilling Project (DSDP) Site 597 (18ø48.4'S, 
129ø46.2'W) and Site 598 (19ø00.3'S, 124ø40.6'W) were 
drilled during Leg 92 by the R/V Glomar Challenger in part 
to determine the geologic history of deposition of 
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hydrothermal precipitates formed in plumes above the present 
East Pacific Rise and its ancestor, the Mendoza Rise (part of 
the old Pacific-Farallon Ridge), and wafted to the west by 
deep ocean currents [Leinen, Rea, et al., 1986]. Sediments 
at both sites are typical of central gyre sediments except for 
the large hydrothermally-derived comrx>nent. Sedimentation 
rates are low, ranging from 15 m 10Gyr -1 to 0.1 m 106yr -1, 
and vary primarily due to depth-dependent changes in calcite 
preservation. There is very little input of terrigenous or 
organic matter, and no evidence for diagenetic remobilization 
of manganese, the most redox-sensitive of the transition 
elements [Leinen,Rea, et a1.,1986; Lyle, 1986; Lyle et al., 
1986]. 
The hydrothermal component in Sites 597 and 598 
derives from the westwart drift of hydrothermal precipitates 
in a plume from the East Pacific Rise axis. The plume can be 
traced over 1000 km to the west of the East Pacific Rise by 
anomalous 3He content i  deep waters [Lupton and Craig, 
1981] and may be driven by geothermal heating at the East 
Pacific Rise [Stommel, 1982]. As the hydrothermal plume 
wafts away from the Rise Axis, hydrothermal precipitates 
settle out to sediments. 
Model of Hydrothermal Plume Deposition 
The mass accumulation rate of hydrothermal precipitates 
should decrease rapidly from the venting area, since the 
amount of mass in a distribution of particle sizes is 
preferentially in the larger, more readily sedimented particles. 
This is precisely what is observed at 19øS on the East Pacific 
Rise. Figure 1 shows measured accumulation rates of 
manganese (the major element most highly enriched in 
hydrothermal precipitates with respect to continental or 
basaltic detritus) on a profile between 18øS and 20øS and a 
modelled manganese accumulation rate profile [Lyle et al, 
1986] assuming 1) a constant composition of hydrothermal 
precipitates [Dymond, 1981], 2) a log-normal particle size 
distribution [Lambert et al, 1981] with a median grain size of 
2 micrometers, 3) Stokes ettling of particles from the plume, 
and 4) a deep current direction normal to the rise axis. With 
this type of model, the distance a hydrothermal particle of 
diameter D travels is given by: 
Dist = V I (1) 
K D 2 
where V is the mean current velocity normal to the rise 
crest, I is the injection height of hydrothermal particles, and 
K is the Stokes constant. The mass of hydrothermal 
deposition at some given distance from the rise crest is then 
calculated from the original particle distribution at the 
hydrothermal source area and from the mass of individual 
particles that would settle at this distance. By manipulating 
the model we can match today's sedimentary flux of 
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Fig.1. Observed accumulation rate of manganese at DSDP 
Site 597 versus distance from the East Pacific Rise Axis as 
compared to a modelled manganese accumulation rate 
assuming a ridge axis hydrothermal source for manganese. 
The heavy line marks the reecord from Site 597, which is 
broken where paleo-distances from the rise crest overlap due 
to the Mendoza-East Pacific Rise ridge jump at 18.5 million 
years ago [Mammerickx et al., 1980]. The light line marks 
the model accumulation rate. Open circles delineate 
measured manganese accumulation rates for Holocene 
sediments [Lyle et al., 1986]. Manganese accumulation rates 
were modelled by assuming a constant composition and a 
constant log-normal particle size distribution for 
hydrothermal material, and by assuming a constant current 
velocity normal to the ridge. See Lyle et al. [1986] for more 
details. Accumulation rates of manganese at Site 597 
between about 27 and 24 million years ago and between 19 
and 17 million years ago are sufficiently large to only have 
been caused by anomalously high hydrothermal activity. 
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hydrothermal manganese at 19øS with a median particle size 
of 2 micrometers and a mean current velocity normal to the 
rise axis of 1 cm sec -1, typical of deep flow [Lyle et al., 
1986; and Figure 1]. We have found through manipulation 
of the model that the manganese accumulation rate profile 
severely limits the range of acceptable particle size 
distributions and current velocities. The shape of the profile 
and the predicted mass flux change dramatically with changes 
of these parameters [Lyle et al., 1986]. 
Since each of the DSDP sites migrates away from the 
ridge axis at the spreading half-rate of the ridge, one would 
expect to find a similar pattern of decrease in manganese 
accumulation rate upcore to that found in surface sediments. 
High rates of manganese accumulation should be found near 
the base of the sediment column, when the sediments were 
close to the rise axis, and low rates should occur today, 
when both Sites 597 and 598 are more than 1000 km away 
from the East Pacific Rise. In general that is what we 
observe, as is illustrated by the accumulation rate profile of 
manganese for Site 597, shown in Figure 1. There are two 
intervals in this core, however, where observed 
accumulation rates of manganese are significantly higher than 
the modelled: between 24 and 27 million years ago (AN25), 
and between 17 and 18.5 million years ago (AN 18) [Lyle et 
al, 1986]. 
These anomalies persist even when the deficiencies of 
the simple model we use are taken into account. The 
midwater current structure near the East Pacific Rise is 
probably the most poorly understood of the model 
parameters and it probably has not been constant for the past 
30 million years. By a simple addition to the model, 
however, we can eliminate events that could have been 
caused by changes in current direction or velocity. We used 
a ran•ge of current velocities in the model, from 1 to 5 cm 
sec -• normal to the ridge axis, and only accepted as 
anomalies the episodes of manganese accumulation which 
were higher than could be accounted for by this velocity 
range. An example of this is shown in Figure 2, from Site 
597. 
In essence, using the current velocity range also 
eliminates the possibility that changes in current direction 
could have produced these manganese accumulation rate 
anomalies. The best available information on mid-water flow 
at this latitude suggests that the present flow regime is as we 
have modelled it, approximately to the west and normal to the 
rise crest [Reid, 1982]. Minor increases of hydrothermal 
deposition may have occurred in the past due to a mismatch 
of model and the actual situation-- if the flow now is slightly 
off the idealized direction and flow in the past became more 
normal to the ridge. Major changes in current direction 
would reduce the hydrothermal manganese accumulation, 
however, since the plume would have travelled obliquely to 
the rise axis. Distance to the source region would thus have 
increased ramatically. 
The sedimentation parameters in the model also help to 
exclude doubtful hydrothermal episodes. The assumption in 
the model of Stokes settling of hydrothermal plume particles 
neglects aggregation processes that help to increase 
deposition rates of fine particulate material. However, the 
lack of these aggregation processes in the model maximizes 
the deposition in the distal sediments greater than 100 km 
from the rise axis and thus also helps to exclude doubtful 
hydrothermal episodes. 
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Fig. 2. Anomalous manganese accumulation rates at Site 
597, arrived at by dividing the manganese accumulation rate 
observed in sediments of a certain age by the model 
Holocene rate at the equivalent distance from the rise crest 
(see text and Lyle et al. [ 1986] for details). A key variable in 
the model is the current velocity normal to the rise crest, V. 
Because the current velocity has probably not been constant 
in the past, we have chosen to use a range of current 
velocities between 1 and 5 cm sec-1 in the model. Episodes 
of high hydrothermal production are delineated by time 
periods where the manganese accumulation rate cannot be 
matched using this current range. 
Lyle et al.: Late Tertiary Hydrothermal Deposition 597 
The lack of manganese accumulation rate anomalies 
younger than AN18 at Site 597 reflects the lack of age 
definition needed to outline events in the pelagic clays of the 
upper part of Site 597 and also the decreased model 
resolutioh at distances greater than 600km from the rise crest. 
For these reasons we also analyzed material from Site 598 to 
examine the time period between 16 million years ago and 8 
million years ago. Two more episodes of anamolous 
manganese accumulation rate were discovered at Site 598, 
between 12 and 16 million years ago (AN14) and between 8 
and 11 million years ago (AN9). Both of these time periods 
had manganese accumulation rates about 5 times and 2 times 
higher respectively than the highest model rate. Manganese 
accumulation rate anomalies of this magnitude, observed for 
all 4 events, can only be explained by major increases in the 
production of hydrothermal manganese and not by changes 
in dispersion f the hydrot!lermal effluent [Lyle et al., 1986]. 
This implies that hydrothermal activity and chemical 
exchange between basalt and seawater at the East Pacific 
Rise/Mendoza Rise axis must have been significantly greater 
during the time periods in question. 
Discussion and Conclusions 
The manganese accumulation rate anomalies do not 
correlate ither in timing or in magnitude with changes in 
spreading rate at the East Pacific Rise (Figure 3). The 
WeSt-flank spreading half-rate at 19øS has varied by only 
about 50% between 30 million years ago and the present and 
has only one peak, at about 7 million years ago. During the 
interval for which we have accumulation rate data from Sites 
597 and 598, from 28.5 million years ago to 8 million years 
ago, the half-spreading rate apparently changed only from 
about 56 km 106yr - 1to about 73km 106yr - 1or about 30%. 
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Fig. 3. Summary of volcano-tectonic events in the Pacific 
Basin for the last 30 million yearS, from Leinen, Rea, et al. 
[ 1986], Lyle et al. [ 1986], Hey [ 1977], Mammerickx et al. 
[1980], Kennett et al [1977],Rea and Scheidegger [1979], 
and Gardner et al [1985]. The half-spreading rate 
information is a combination of observations from Leg 92 
and Rea and Scheidegger [1979]. Spreading rates have 
varied by less than 50% during the last 30 million years, 
much less than hydrothermal manganese accumulation rates 
have varied. The timing of hydrothermal pulses also 
correlates poorly with known spreading rate variations. 
There is better correlation between hydrothermal pulses and 
either circum-Pacific volcanism or known tectonic events at 
the East Pacific Rise. 
Clearly, manganese accumulation rate anomalies we observe 
are an order of magnitude larg er than spreading rate changes 
and there is no temporal con-elation between hydrothermal 
anomalies and spreading rate changes. 
There is better coincidence between the timing of 
hydrothermal events AN9, AN14, AN18, and AN25 and 
times when Pacific plates were undergoing teeionic 
reorgani•zation. AN25 and AN18 match the best estimates 
when the Cocos-Nazca Rift was formed (25 million years 
ago; Hey, 1977) and when the spreading center jumped west 
from the Mendoza Ridge to the East Pacific Rise (18.5 
million years ago; Mammerickx et al., 1980). There is no 
known ridge reorganization that correlates with AN 14, but 
the tectonic history.of the East Pacific Rise during this time is 
not well known (Mammerickx et al., 1980). AN9 may 
correlate with the abandonment of the fossil Galapagos Ridge 
(Mamme,rickx et al., 1980), though the match in time is not 
very good. 
The periods of high manganese accumulation rate may 
also correlate in time with other indicators of Pacific -wide 
tectonic events, especially with episodes of circum-Pacific 
arc and mid-plate volcanism (Figure 3; Kennett et al., 1977; 
Rea and Scheidegger, 1979; Gardner et al, 1985). These 
episodes of arc volcanism are presumably due to changes in 
convergence rates and/o r directions at subduction zones and 
should therefore be related to either changes in rate of 
spreading on a global scale or changes in plate geometry. In 
the last 20 million years there has been an important volcanic 
episode at 14-16 million years ago correlating with AN 14, 
another less important episode between 11 and 8 million 
years ago tha correlates to AN9, and two episodes for which 
we have no available manganese accumulation data from our 
cores, between 6 and 4 million years ago, and between 1.5 
million years ago and the present (Kennett et al., 1977). 
There may also be a regional volcanic episode at around 18 
million years ago and correlating with AN 18, as shown by 
ash layer data and by the timing of Central American 
volcanism (Kennett et al., 1977). Since we use manganese 
accumulation rate information from the present o determine 
anomalies in the past, there cannot be a complete coincidence 
between circum-Pacific volcanism and mid-ocean ridge 
hydrothermal ctivity or much of the past should accumulate 
manganese at a slower rate than the present. 
We document that there is no correlation between 
sea-floor spreading rate and East Pacific Rise hydrothermal 
activity; rather, hydrothermal activity correlates much better 
with periods of ridge jumps (Owen and Rea, 1985) and to 
some extent also with periods of greater circum-Pacific 
volcanic activity. We believe that the extent of hydrothermal 
activity at mid-ocean ridges is dependent not only upon the 
total heat available, which should be proportional to the 
spreading rate, but also upon whether the heat is accessible to 
convecting seawater. The process of creating a new 
spreading ridge, a common occurrence in the history of the 
Pacific Ocean, must involve a sublithospheric heat source 
and subsequent cracking of an entire plate. The greatly 
increased number and depth of fractures and cracks brought 
about in this manner would explose much more basalt (by 
about the cube of the total fracture length) to hydrothermal 
alteration. Thus the first direct measurements of a 
hydrothermal accumulation rate time-series at the East Pacific 
Rise indicate that the assumption of proportionality between 
hydrothermal activity and spreading rate is too simplistic. 
However, these results do reveal an area for refinement of 
basalt-seawater exchange models based on the encouraging 
correlation observed between exchange rates and plate 
reorganizations. 
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